17,476 O'CONNOR AND DUNCAN: WALVIS RIDGE AND RIO GRANDE RISE HOT SPOT SYSTEM
close association may have existed between hot spot volcanism and continental rifting. However, due to uncertainty in locating the continent-ocean boundary [e.g. Rabinowitz, 1976 Rabinowitz, , 1978 Scrutton, 1978] , it is presently difficult to determine whether or Most of the rocks show patchy alteration of the groundmass to low-temperature Fe-oxides and clay minerals. This appears to have affected mainly the groundmass, but in some cases even the pyroxene microphenocrysts are replaced. Glass has devitrified, and very finely crystallized mesostasis (as much as 40% by volume of some samples) has altered in places to smectites and zeolites. This is further demonstrated by the moderately high total volatile contents (CO2 plus H20+), which range from 1.2 to 3.9%. Olivine is rarely present as a phenocryst phase or in the groundmass.
Much of the potassium in these rocks is likely to reside in the variably altered groundmass. The radiogenic 40Ar (40Ar*) generated by the decay of 40K at these sites (after crystallization) can be lost both by diffusion and the low-temperature formation of clay minerals, resulting in erroneously young conventional K-Ar ages [Schlanger et al., 1984] . Smectites and zeolites crystallize from volcanic glass, infill vesicles and replace primary minerals. The available Walvis Ridge and Rio Grande Rise samples were examined in thin section in order assess the original igneous texture, crystallinity, and subsequent degree of alteration of the potassium-bearing phases. While no sample was regarded as being ideal for radiometric dating purposes, well-crystallized samples, displaying the lowest degrees of groundmass alteration, were selected for 40Ar-39Ar age incremental heating studies.
Other complications encountered in applying the K-^r technique to the dating of submarine volcanic rocks may arise

AGE MEASUREMENT METHODS
The 40Ar-39Ar method is based on the generation of 39Ar from 39K by the irradiation of K-bearing samples with neutrons [1981a]. A hornblende flux monitor of known age (Mmhb-1), [Samson and Alexander, 1987] was irradiated with the basalts in order to determine the neutron flux density and the capture cross section of 39At for neutrons during the irradiation, i.e., the efficiency of conversion of 39K to 39Ar expressed as the J-factor (Table 2) .
Samples and standards were individually placed in an outgassed Mo crucible, which was then heated in a high-vacuum extraction line. The standards were fused in a single heating step, while the basalts were incrementally heated in a series of five steps (each of 30 min duration) and then melted during a sixth and final step. The isotopic composition of argon (40At, 39At, 37Ar and 36At) released from each individual heating or fusion step was measured immediately by means of an AEI MS-10S mass spectrometer, after active gases had been removed by cooling Ti-TiO2 getters. The apparent ages of the individual heating steps were calculated from the measured 40At* to 39At ratios, after corrections for all interfering nuclear reactions had been applied using the equation of Brereton [1970] . Hence an age-temperature spectrum was obtained for each sample, based on the 40Ar*/39Ar compositions of the gas fractions released incrementally, from low to high temperature sites. Argon isotopic data and apparent ages are given in Table 2 .
RESULTS
The most common age-temperature spectrum observed in this study consists of a middle temperature plateau bounded by higher ages at the low temperature steps, and conversely, by lower ages at the high temperature steps (e.g., Figure 3e ). Turner and Cadogan [1974] first proposed that such an "inverse staircase" age-temperature profile might result from neutron-capture recoil of 39Ar from K-rich to K-poor sites within fine-grained basalts, during irradiation. Because the low-temperature sites are K-rich, recoil effects may lead to the transfer of 39At (but not 40At*) from low temperature (i.e., alteration minerals and groundmass) to high-temperature sites (e.g., feldspar and pyroxene), resulting in a descending age-temperature release pattern. Dalrymple Thus, in conjunction with the loss of 40Ar* discussed earlier, 39Ar may also be lost from, or relocated within, a multiphase sample.
Examination of apparent K/Ca ratios can be helpful in identifying the mineral phases that are contributing to different regions of the age spectrum [Walker and McDougall, 1982 ] (e.g., Figure 3f ). With respect to the study reported here, low temperature steps generally correspond to high K/Ca phases, characteristic of K-rich alteration products such as smectite. The high apparent ages of these initial heating steps may reflect the loss or redistribution of 39At due to neutron-induced recoil effects. The lower K/Ca values of the middle to high temperature steps are characteristic of unaltered, low K phases such as plagioclase. The plateau ages usually evident at these heating steps may be attributed to the diffusion of 40Ar and 39Ar from such unaltered phases. The highest temperature spectrum steps are commonly lower in age than that of the mid-temperature plateau and correspond to very low K/Ca ratios, which are characteristic of low K-phases, such as pyroxene. Recoil-induced addition of 39Ar from low temperature high K-phases to K-poor high temperature phases, might account for such erroneously young ages in the age spectra.
Dalryrnple et al. [1981b] suggested that, in cases where 39Ar recoil is evident, the best age estimate •:br a sample comes from summing the gas composition of all the heating steps into a "recalculated" 40Ar-39Ar total fusion age. This calculation is based on the assumption that phases which lose 39Ar during irradiation have also lost their 40Ar* over geological time. However, since 39Ar recoil may be an incomplete process, a total fusion age which is not supported by both a clear plateau (particularly for the middle temperature steps) and a well constrained isochron age, must be interpreted cautiously. Other criteria, such as the consistency of ages for multiple samples from the same locality or independent geological constraints, can increase confidence in such total fusion ages.
Weighted mean plateau ages have been calculated for samples yielding an age-temperature plateau, primarily for middle temperature heating steps. These middle temperature sites are considered to be least disturbed by the loss or addition of 39Ar resulting from recoil effects, as discussed above. The slope formed by the correlation of the 40Ar/36Ar and 39Ar/36Ar ratios for selected heating steps yielded an 40Ar*/39Ar ratio, from which an isochron age was determined for most samples. Ideally, the 40Ar/36Ar intercept of such isochrons should reflect the composition of the rock at the time of crystallization, i.e., 295.5, consisting of only atmospheric argon without any contribution from potassium decay. Isochron slopes and intercepts were calculated using the least squares fitting technique of York [ 1969] , which allows for correlated errors in both 40Ar/36Ar and 39Ar/36Ar isotopic ratios. Errors involved in measuring Ar ratios and J-factors (a typical error of 0.5% has been assigned) and in making corrections for interfering nuclear reactions were combined to yield a standard deviation for each heating age. The most reliable age-temperature spectrum and isochron plot for each sample site are shown in somewhat of a quandary as to which of these minor ridges best records the motion of the African plate over the Tristan hot spot. The northern lineament formed along a spreading-axis, in contrast to the two southern lineaments, which formed in an intraplate situation, as will be shown in a later section. While these southern lineaments may in fact accurately record the motion of the African plate over the Tristan plume, the rotation parameters given in Table 3 Table  3 have been estimated in such a manner as to predict a trail for the Reunion plume that would follow the geometry of the Mascarene Plateau (for the period between 0 and about 36 Ma). However, the predicted rate of migration of the African plate over the Reunion plume (Figure 7) is somewhat slower than that indicated by available basement age data for its volcanic trail (Figure 7 
Hot Spot Fixity
The cornerstone of all hot spot or absolute motion reconstructions is the assumption that hot spots occur above plumes which rise from, as yet undefined, depth(s) in the mantle to the base of the lithosphere, and that such plumes remain fixed globally with respect to one another over geologically significant periods of time (e.g., 100 m.y.). However, a global extension of the finite reconstruction parameters presented here in order to further test this hypothesis, is beyond the scope of this paper. The research reported here has focused on estimating the most valid set of reconstruction parameters for African plate motion over hot spots, on the basis of presently available data for hot spot generated volcanic lineaments on the African plate. In order to better illustrate the changing spatial relationship between the spreading-axis, the hot spot. and the evolving Walvis Ridge-Rio Grande Rise, a series of reconstructions for selected spreading anomaly times is shown in Figure 9 . If a hot spot-generated seamount or ridge formed at a spreading-axis, it will be surrounded by spreading anomalies of the same age, which may on occasion be mapped onto the hot spot trail (Figure  2) . Conversely, if hot spot magma erupts through older, previously formed seafloor, an age difference will be apparent between the age of the hot spot feature and that of the surrounding seafloor. The age data determined in this study therefore present an excellent opportunity to model the changing spatial relationship between the spreading-axis, the hot spot, and the evolving Walvis Ridge-Rio Grande Rise volcanic system, since anomaly 34 (84 Ma) time.
A suggested prerifting-rifting configuration of Africa, South America, the Parana-Etendeka flood basalts, and a postulated, large diameter hot spot, is shown in Figure 9a . From anomaly 34 time, spreading anomalies, which were forming at the time of each particular reconstruction, were rotated, along with the Walvis Ridge bathymetry (and African continent), to their respective predrift positions. An appropriate rotation parameter was calculated for each reconstruction from the Africa/hot spots finite poles given in Table 3 The reconstructed motion of the African plate over hot spots has been extended to the North and South American plates by the addition of appropriate relative motion poles. The evolution of all significant hot spot systems on both of these plates has been discussed in detail. In order for the predicted track of the New England hot spot to pass through the region of the New England seamounts, the zero age location of this plume must be located in the vicinity of the central Atlantic spreading-axis at about 27øN. The existence of a prominent intermediate-wavelength geoid anomaly in this locality has been interpreted as supporting evidence for this conclusion. The Azores hot spot has been linked to the initiation of rifting, and consequent seafloor spreading, in the Rockall Trough.
